Peripheral T-cell lymphomas (PTCL) are a heterogeneous group of non-Hodgkin's lymphomas with poor clinical outcomes. Pralatrexate showed efficacy and safety in recurrent or refractory PTCLs. The purpose or this study was to investigate the efficacy and safety of pralatrexate in relapsed or refractory PTCLs in real-world practice. This was an observational, multicenter, retrospective analysis. Between December 2012 and December 2016, a total of 38 patients with relapsed or refractory PTCLs were treated with pralatrexate at 10 tertiary hospitals in Korea. Patients received an intravenous infusion of pralatrexate at a dose of 30 mg/m 2 /week for 6 weeks on a 7-week schedule. Modified dosing and/or scheduling was allowed according to institutional protocols. Median patient age was 58 years (range, 29-80 years) and the most common subtype was peripheral T-cell lymphoma, not otherwise specified (n = 23, 60.5%). The median dosage of pralatrexate per administration was 25.6 mg/m 2 /wk (range, 15.0-33.0 mg/m 2 /wk). In intention-to-treat analysis, 3 patients (7.9%) showed a complete response and 5 patients (13.2%) showed a partial response, resulting in an overall response rate (ORR) of 21.1%. The median duration of response was 7.6 months (range, 1.6-24.3 months). The median progression-free survival (PFS) was 1.8 months (95% confidence interval [CI], 1.7-1.8 months) and the median overall survival was 7.7 months (95% CI, 4.4-9.0 months). The most common grade 3/4 adverse events were thrombocytopenia (n = 13, 34.2%), neutropenia (n = 7, 23.7%), and anemia (n = 7, 18.4%). Our study showed relatively lower ORR and shorter pfS in patients with recurrent or refractory ptcLs treated with pralatrexate in real-world practice. The toxicity profile was acceptable and manageable. We also observed significantly lower dose intensity of pralatrexate in real-world practice.
doxorubicin, vincristine and prednisone (CHOP) or CHOP-like regimens, with a 5-year overall survival (OS) of 10-30%, with the exception of anaplastic lymphoma kinase (ALK)-positive ALCL, mycosis fungoides, and subcutaneous panniculitis-like T cell lymphoma 1, 2 . These poor clinical outcomes emphasize the urgent need for novel treatment options for patients with PTCL, especially those with relapsed or refractory disease, who have limited response to salvage therapy and an extremely poor prognosis 3, 4 .
Novel therapeutic options include monoclonal antibodies (brentuximab vedotin, mogamulizumab), histone deacetylase (HDAC) inhibitors (romidepsin, belinostat, chidamide), phosphoinositide 3-kinase (PI3K) inhibitors (duvelisib, copanlisib) and pralatrexate [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Over the past years, novel therapeutic options have improved clinical outcomes of PTCLs, but there are still unmet needs in patients with relapsed or refractory disease. Pralatrexate is a novel anti-folate that was designed to be efficiently internalized and to have increased intracellular retention with high affinity for the reduced folate carrier. Pralatrexate was the first agent to receive US Food and Drug Administration (FDA) approval for the treatment of relapsed or refractory PTCL. Early clinical reports of pralatrexate in patients with relapsed or refractory B-or T-cell non-Hodgkin lymphoma showed the tolerability and efficacy of a weekly schedule 7 . In a pivotal multicenter phase 2 study (PROPEL), patients received pralatrexate weekly for 6 weeks of a 7-week cycle, the overall response rate (ORR) was 29% and the median overall survival (OS) was 14.5 months 15 .
Given the rarity and heterogeneity of PTCL, the PROPEL study is the largest data set showing activity of a single agent (pralatrexate), but real world data on the clinical efficacy and safety of pralatrexate are scarce. Based on this background, we performed this multicenter, retrospective analysis to investigate the efficacy and toxicity of pralatrexate in patients with relapsed or refractory PTCLs in real-world practice. Table 1 summarizes the baseline clinical characteristics of the 38 patients at the time of pralatrexate initiation. The median age was 58 years (range, 29-80), and the male-to-female ratio was 2.5:1.0. Thirty-two patients (84.2%) had advanced disease (stage III-IV) and 21 patients (55.3%) were in high-intermediate or high international prognostic index (IPI) risk groups. PTCL, not otherwise specified (NOS) (n = 23, 60.5%) was the most common subtype. A majority of patients (n = 21, 55.2%) received pralatrexate as the 4 th or greater line of chemotherapy. Only 5 patients (13.2%) received pralatrexate as 2 nd -line chemotherapy. Eleven patients (28.9%) had relapsed disease after prior autologous (n = 7, 18.4%) or allogeneic (n = 4, 10.5%) hematopoietic stem cell transplantation (ASCT). Table 2 summarizes the patient distribution by pralatrexate therapy. A total of 43 cycles of pralatrexate was administered in 38 patients with a median of 1.0 cycle per patient (range 1-3 cycles). A total of 149 doses of pralatrexate was administered in all patients with a median of 2.5 doses per patient (range, 1-17 doses). Pralatrexate was administered at lower than the standard dose (30 mg/m 2 /wk). The median dosage of pralatrexate per administration was 25.6 mg/m 2 /wk (range, 15.0-33.0 mg/m 2 /wk). Our analysis allowed for 1week of rest between the 3 rd and 4 th doses of pralatrexate at the physician's discretion. No patient finished a complete cycle at the standard dose.
Results patient characteristics.
Efficacy. The response and survival outcomes are summarized in Table 3 . Of the 38 patients in the study, 3 patients (7.9%) showed a complete response (CR) and 5 (13.2%) showed a partial response (PR), resulting in an ORR of 21.1%. The median duration of response was 7.6 months (range 1.6-24.3 months). The median PFS was 1.8 months (95% confidence interval [CI], 1.7-1.8 months) and the median OS was 6.7 months (95% CI, 4.4-9.0 months). The 1-year expected survival rate was 26.3% ( Fig. 1 ). The PFS and OS did not differ significantly based on the number of chemotherapy regimens administered before pralatrexate. Analysis of PFS and OS based on response (CR or PR) showed that PFS was 6.5 and 1.5 months (p < 0.001) and OS was 15.2 and 5.7 months (p = 0.081) in responders and non-responders, respectively. (Fig. 2) toxicity. Treatment-related adverse events are summarized in Table 4 . Common grade 3/4 hematological adverse events were thrombocytopenia (n = 13; 34.2%), neutropenia (n = 9; 23.7%), and anemia (n = 7; 18.4%). Febrile neutropenia was observed in 2 patients (5.3%). Grade 3/4 non-hematological adverse events included mucositis (n = 5; 13.1%), pneumonia (n = 1; 2.6%), fatigue (n = 1; 2.6%), and hyperbilirubinemia (n = 1; 2.6%). All grades of mucositis were observed in 16 patients (42.0%). There were 6 patients (15.8%) with grade 1/2 skin rash and 3 patients (7.9%) with grade 1/2 pruritus. There were no treatment-related deaths.
Discussion
There have been remarkable advances in the understanding and management of PTCLs in the last decade. The first of these was gaining an understanding of the molecular pathogenesis of PTCL and subsequent revision of the PTCL classification in the updated 2016 World Health Organization (WHO) classification 16 . The second is the introduction of novel agents such as monoclonal antibodies, HDAC inhibitors, PI3K inhibitors, and anti-folate pralatrexate for treatment of PTCL. Despite this progress, the clinical outcomes of PTCLs are worse than that for B-cell lymphomas and there are still unmet needs for novel treatments. Single-agent pralatrexate therapy received US FDA approval in 2009 for relapsed or refractory PTCLs based on data from the PROPEL study, which predominantly recruited patients in North America and Europe 15 . However, the PROPEL study does not fully reflect the clinical efficacy and safety of pralatrexate in real-world practice due to the prospective nature of the study and European Medicines Agency refused the marketing authorization of pralatrexate due to the lack of comparator and insufficient clinical data.
This study was a multicenter retrospective analysis of pralatrexate therapy in 38 Korean patients with relapsed or refractory PTCLs. The majority of patients in our study had advanced disease (stage III-IV 84.2%) and received pralatrexate as their ≥4th line of chemotherapy (55%). Pralatrexate therapy had an ORR of 21.1% with a CR of 7.9% and median PFS and OS of 1.8 months and 6.7 months, respectively, in our study. Our real-world data revealed a relatively lower objective response rate and shorter PFS compared with the recent prospective Asian data (Japanese and Chinese) showing a promising response rate (45%, 52%) and longer PFS (4.8 months, 5.0 months) ( Table 5) 17, 18 . One possible explanation is the relatively low dose intensity of pralatrexate in real-world practice. In Korea, the cost of pralatrexate in relapsed or refractory PTCLs is not reimbursed by the national health insurance system. We found that the median dosage per administration of pralatrexate was 25.6 mg/m 2 (range, 15-30 mg/m 2 ) and no patient received a full cycle of pralatrexate at the standard dosage of 30 mg/m 2 due to financial difficulties and physician discretion. Of note, 6 of the 8 patients who achieved an objective response did not proceed with further cycles of pralatrexate for similar reasons. Our study failed to show clinical benefit in patients who received pralatrexate in the early course of disease compared with patients who received pralatrexate later. We assume that insufficient dose intensity likely weakened the benefit of pralatrexate in this population.
In terms of toxicity profiles, grade 3/4 hematologic toxicities were thrombocytopenia (34%), neutropenia (24%), and anemia (18%). This finding is consistent with the PROPEL study, Japanese study, and Chinese Table 3 . Response and survival outcomes. www.nature.com/scientificreports www.nature.com/scientificreports/ study ( Table 5 ). The most common grade 3/4 non-hematologic toxicity was mucositis (13.1%). However, other non-hematologic toxicities were mostly grade 1/2 and manageable with supportive care.
Defining optimal salvage and frontline treatment of PTCLs is still a significant challenge. Several clinical trials regarding the efficacy of pralatrexate are ongoing in salvage and frontline settings. Amengual et al. showed that the combination of romidepsin and pralatrexate led to an ORR of 71% in patients with relapsed or refractory PTCLs 19 . Advani et al. also reported that cyclophosphamide, etoposide, vincristine and prednisone (CEOP) alternating with pralatrexate led to an ORR of 70% and a 2-year PFS rate of 60% as frontline therapy for PTCLs 20 . Table 5 . Summary of pralatrexate in relapsed or refractory peripheral T-cell lymphoma.
Several pralatrexate-based combinations, including CHOP (NCT02594267), pembrolizumab plus decitabine (NCT03240211), and durvalumab (NCT03161223), are being watched with keen interest. This study have several limitations due to small numbers of patients, heterogeneity of the patient population, absence of uniform treatment protocols among participating centers, and several comfounding factors including financial toxicity of pralatrexate. However, this study is one of the largest independent set of data and reflect the non-trial setting practice of pralatrexate.
In summary, our study showed relatively lower ORR and shorter PFS in patients with relapsed or refractory PTCLs treated with pralatrexate in real-world practice compared with the promising results of prospective studies. In this study, we also observed significantly lower dose intensity of pralatrexate owing to financial problems and physician discretion, and we suggest that financial constraints and reimbursement issues pose a significant challenge to the successful completion of pralatrexate therapy in real-world practice.
Methods trial design and patients. This study was a multicenter, retrospective study using anonymized information from medical charts of patients treated with pralatrexate for relapsed or refractory PTCLs. Between December 2012 and December 2016, a total of 38 patients with relapsed or refractory PTCLs were treated with pralatrexate at ten tertiary hospitals in Korea. Histologically confirmed PTCLs according to the 2016 revision of the World Health Organization classification of lymphoid neoplasm were included 16 . Histologically confirmed PTCLs with the following subtype criteria were excluded in the analysis: (1) aggressive NK-cell leukemia, (2) T-cell prolymphocytic leukemia, (3) T-cell large granular lymphocytic leukemia, and (4) primary cutaneous CD30+ T-cell lymphoproliferative disorders (lymphomatoid papulosis). Pathology review was based on central review of the local pathology report. If there was a need for further examination, ten unstained slides (thickness: ≥3 µm) were sent to the principal investigator's institution. The primary objective of this study was to evaluate the ORR of pralatrexate. The secondary objectives were to evaluate progression-free survival (PFS), OS and safety profiles. This study was approved by the institutional review board at each hospital and each of the hospitals that approved the study waived the need for informed consent. This study was conducted in accordance with the Declaration of Helsinki. treatment response and toxicity assessment. Pralatrexate was administered as an intravenous push over 3 to 5 minutes at 30 mg/m 2 /wk for 6 weeks followed by 1 week of rest (7-week cycle), along with vitamin B12 (intramuscularly (IM), administered every 8-10 weeks) and folic acid (orally (PO), 1.2 mg/day). Modified dosing and/or scheduling was allowed according to institutional protocols. Treatment was continued until disease progression, unacceptable toxicity, or the patient's refusal. Treatment responses were evaluated by computed tomography and/or positron-emission tomography (PET) scanning. Treatment responses were evaluated according to the Lugano Classification or the Cheson Criteria based on the availability of a PET scan [21] [22] [23] . Safety was assessed by retrospective chart review for adverse events, clinical laboratory results, vital signs, physical examination findings, and electrocardiograms (ECGs) and recorded on a standardized case report form. Adverse events were evaluated according to the National Cancer Institute Common Terminology Criteria for Adverse Events version 4.0.
Statistics. Descriptive statistics are presented as proportions and medians. Data are also shown as number (%) for categorical variables. PFS was calculated from the initiation of pralatrexate to the first day of disease progression, relapse, or death from any cause. OS was calculated from initiation of pralatrexate to the last follow-up visit or death from any cause. PFS and OS were censored on the last date of follow-up. Survival curves were estimated by the Kaplan-Meier method and the survival distributions were compared using the log-rank test. Statistical analyses were performed using IBM SPSS (IBM Corp. Armonk, NY, USA) v.19.0. ethics approval and consent to participate. Informed consent was not mandatory due to retrospective nature of this study and this study used only anonymized information from medical charts of patients. All procedures performed in this study was approved by the institutional review board at each participating centers and was conducted in accordance with the Declaration of Helsinki 1964. Each of the hospitals that approved the study also waived the need for informed consent.
